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1. INTRODUCTION

The complexes formed by a polyelectrolyte and an oppositely
charged surfactant have been widely applied in many industrial
areas such as food, cosmetics, paints, and detergents and thus have
attracted great interest in scientific research for many decades.1�7

In this regard, the interaction between the oppositely charged
polyelectrolyte and surfactant is always one of the most important
research focuses. This interaction is much stronger and more
complicated as compared with that between a neutral polymer and
surfactant, because a strong electrostatic force is involved in
addition to a relatively weaker hydrophobic force. It is well-known
that the association of the surfactant with the polyelectrolyte starts
from a critical association concentration (cac) that is generally 1 or
2 orders lower than the critical micelle concentration (cmc) of the
pure surfactant solution. The mechanism of the association is
commonly accepted as a cooperative binding process where many
effects are involved, e.g., hydrophobic interaction between surfac-
tant molecules, polyion charge neutralization, and conformational
changes of the polyelectrolyte.3 Therefore, many factors can
influence this process, including the molecular weight, chain
stiffness, charge density, and concentration of the polyelectrolyte,
the chemical nature of different parts and concentration of the
surfactant, and even the sequence of mixing the components.7

Although great progress has been made in understanding the
mechanism of this interaction, a lot of research has still been
carried out recently,8�18 trying to give a fuller perspective on the

interaction mechanism or related phenomenon from a new angle
of views or new systems.

The interaction process is usually accompanied by changes in
various physicochemical properties such as viscosity and surface
tension.1,2 Characterization of these properties is able to offer
valuable information on the interaction mechanism and the
structure of the polyelectrolyte�surfactant complex. To this
end, a large number of characterization methods, for example,
surface tension, dialysis equilibrium, NMR, and light and neutron
scattering, have been employed.19 Among these properties,
however, the dielectric properties have for a long time been
overlooked. The dielectric properties of a matter are essentially
related to the fluctuation of the dipole moments and the motions
of charges, characterization of which is therefore able to provide
important, sometimes unique, information on the charge dis-
tribution and displacement, dynamics and structure of the dipole
moment, intermolecular interactions, and so on.20 As the suitable
method to characterize the dielectric properties, dielectric relaxa-
tion spectroscopy (DRS) is now known as an effective modern
method used in physical and chemical analyses of all kinds of
materials.20 This method has been applied to some polymer�
surfactant systems such as solid polyelectrolyte�surfactant
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complexes,21 polyelectrolyte�lipid membranes,22 and PVP�
micelle aqueous solutions.23 However, DRS study on the aqueous
mixture solutions of a synthetic polyelectrolyte and an oppositely
charged surfactant has rarely been reported as yet. On the other
hand, DRS has been extensively applied to aqueous polyelectrolyte
solutions for decades, successfully revealing the charge distribution
and polyelectrolyte structure on the basis of the dielectric relaxa-
tions at different frequency ranges.24�33 Also, surfactant solutions
have been systematically characterized by this method.34�36 Due to
the maturity of DRS characterization of these systems, we believe it
is worth carrying out DRS study on polyelectrolyte�surfactant
mixture solutions, which may shed some light on the interaction
mechanism from a particular angle of view.

This study is concerned with the interaction between a positively
charged polyelectrolyte, poly(diallyldimethylammonium chloride)
(PDADMAC), and a negatively charged surfactant, sodium decyl
sulfate (C10SO4Na), in aqueous solution. PDADMAC is a water-
soluble polyelectrolyte with a length of a monomer unit of about
0.54 nm, and it possesses the appropriate charge density and
stretches in low concentration solution; it therefore has been widely
applied in industry.37,38 This polyelectrolyte is also broadly used for
research on the polyelectrolyte�surfactant interaction, where so-
dium dodecyl sulfate (SDS) is the most frequently employed
counterpart surfactant.8,11,12,16,17 While most such investigations
focus on the case of high surfactant concentration, we focus here on
the polyelectrolyte�surfactant interaction under the condition that
the surfactant concentration is much lower than the cmc, which in
our opinion may lead to important consequences in the complexa-
tion process in the higher surfactant concentration range. Therefore,
we choose C10SO4Na as the counterpart surfactant instead, which is
less hydrophobic than SDS and has a much higher cmc.39,40 To
better understand the dielectric behavior of this mixture solution,
the dielectric behaviors of individual aqueous solutions of
PDMDAAC and C10SO4Na were also investigated for comparison.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium decyl sulfate, analytical grade, was
provided by Beijing Chemical Plant and used without further
purification. Aqueous solution of PDADMAC (average molec-
ular weight 200000�350000) with a weight fraction of 20% was
purchased from Aldrich. Highly deionized water was obtained
from the Aquapro P series water purification system (Taiwan).
2.2. Sample Preparation. Aqueous solutions of C10SO4Na

with different concentrations (0.04�100 mM) were prepared by
dissolving a certain amount of C10SO4Na in highly deionized
water. Aqueous solutions of PDADMACwith weight fractions of
0.05%, 0.1%, 0.3%, 0.5%, and 1.0% were prepared by diluting
20% PDADMAC solution with deionized water. To obtain
homogeneous solutions, all PDADMAC solutions were left to
equilibrate for 12 h prior to dielectric measurement. Aqueous
solutions of the PDADMAC/C10SO4Na mixture were prepared
by adding C10SO4Na into 0.05% PDADMAC aqueous solutions.
In these mixture solutions, the weight fraction of PDADMAC
was kept at 0.05%while the concentration of C10SO4Na (Cs) was
varied from 0.04 to 6.0 mM. When Cs < 2 mM, the mixture
solutions were transparent. When Csg 2 mM, a cloudy solution
was observed right after C10SO4Na was added. For the sake
of complete dissolution and equilibrium, all mixture solutions
were kept for over 80 h before testing. Even though, a white
curdy precipitation was observed for mixture solutions with

Cs g 2.5 mM. In these cases, the supernate of the samples was
used for dielectric measurement.
2.3. Dielectric Measurement.Dielectric measurements were

carried out on an HP 4294A precision impedance analyzer
(Agilent Technologies) which covers a frequency range from
40 Hz to 110 MHz. A dielectric cell with concentrically cylind-
rical platinum electrodes41 was employed to load the samples. All
the experimental data were corrected for errors arising from stray
capacitance (Cr) and the cell constant (Cl).

42 They are 0.0265
and 0.474 pF, respectively, determined with water, ethanol, and
air. The measurements directly obtained the capacitance (C) and
conductance (G) of the samples. Then the relative permittivity
(ε) and conductivity (κ) were determined by C = εCl þ Cr and
G = κC/εε0, where ε0 is the permittivity of a vacuum. All
dielectric measurements were carried out at 25 ( 1 �C.
2.4. Determination of Dielectric Parameters. The dielectric

property of a material is generally characterized in terms of the
complex permittivity ε* defined as

ε� ¼ ε� jε00 ¼ ε� j
k� kdc
ωε0

ð1Þ

where ε is the relative permittivity, ε00 is the dielectric loss, κ is the
conductivity, κdc is the dc conductivity, ω (=2πf) is the angular
frequency, and j2 = �1. In our investigated frequency window,
one or two relaxations were observed, and because the samples
are conductive, there exists a considerable electrode polarization
(EP) effect due to the accumulation of spatial charge at the
electrode�solution interface. Accordingly, the following relaxa-
tion function was employed to analyze the experimental
spectra:20,29,32,33

ε� ¼ εh þ ∑
i

Δεi

1þ ð jωτiÞβi
þ Aω�m ð2Þ

where εh is the high-frequency limit of the relative permittivity.
The second term of the right-hand side in eq 2 is the Cole�Cole
relaxation function accounting for the contribution from effective
relaxation mechanisms, where i is the number of dielectric
relaxations, Δεi is the dielectric increment, τi (=1/(2πf0i); f0i is
the characteristic relaxation frequency) is the relaxation time of
the ith dielectric relaxation, and βi (0 < βie 1) is the Cole�Cole
parameter indicating the distribution of the relaxation time. The
third term takes into account the EP effect on the basis of the
power-law frequency dependence method,41 where A and m are
adjustable parameters.
Meanwhile, the logarithmic derivative (LD) method43,44 was

used to optimize the fitting, which is based on the following
derivative:

ε00LDðωÞ ¼ � π

2
Dε

D ln ω
� ε00RelðωÞ ð3Þ

where ε00LD and ε00Rel denote the derivative dielectric loss and the
dielectric loss free of dc conductivity, respectively. This method is
effective in separating relaxations from the EP effect and also
offers a good way to resolve overlapping relaxation peaks due to
peak sharpening.44 As a representative case, Figure 1 shows the
frequency dependence of the relative permittivity (inset) and its
derivative dielectric loss of 0.05% PDADMAC aqueous solution.
As can be clearly seen, although only one relaxation is observed in
the ε spectrum, two relaxations can be observed in the ε00LD
spectrum.
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By introducing the real part of eq 2 into the derivative
expression (eq 3), we get the following expression:

ε00LD ¼ π

2 ∑
i

βiΔεiðωτiÞβi cos½βiπ=2� ð1þ βiÞθi�
1þ 2ðωτiÞβi cosðβiπ=2Þ þ ðωτiÞ2βi

þ Amω�m

 !

ð4Þ

where θi = arctan[sin(βiπ/2)/((ωτi)
�βi þ cos (βiπ/2))]. This

equation has the same set of variables as that in eq 2 and can be
used to fit the derivative dielectric loss curve. The solid line in the
ε00LD spectrum in Figure 1 represents the best fit in line with eq 4,
which is a superposition of the EP effect and the contributions
from the lower and higher frequency relaxations (relaxation 1
and relaxation 2, respectively, hereinafter). The solid line in the ε
spectrum (inset of Figure 1) is the calculated curve in line with
eq 2 by using the same parameters as in ε00LD curve fitting, which
agrees perfectly with the experimental curve. In fact, a good
fitting on the ε00LD curve always results in a good agreement
between the calculated curve and the experimental ε curve,
because ε00LD is equivalent to ε through eq 3. Also because of
this, we cannot determine the relaxation parameters by only
fitting the ε00LD curve and/or its equivalent ε curve, and we must
at the same time take the imaginary part of complex permittivity
(conductivity) into account.
According to eqs 2 and 4, up to nine variables, including εh (or

κdc), Δε1,Δε2, f01, f02, β1, β2, A, and m, are involved in the curve
fitting for a two-relaxation profile. With so many variables, it is
generally difficult to determine these dielectric parameters with
high reliability. Nevertheless, it should be pointed out that
because the values of f01, f02, and εh (κdc) can be determined
directly from the spectra, the actual number of fitting variables is
reduced to 6, which greatly improves the reliability of the fitting.
The values of f01 and f02 can be directly read from the ε00LD curve
because in most cases relaxations 1 and 2 are well separated from
each other and the EP effect is largely reduced by using the LD
method (see Figure 1). Since the high-frequency tail of relaxation
2 in most cases is visible, the value of εh can be read from the
ε curve, which approximates the value of the relative permittivity
at the high-frequency end. The value of κdc can be read from the
κ curve, which corresponds to the value of conductivity at the
low-frequency limit (see Figure 2).

To ensure the fitting result is more reliable, a multistep fitting
procedure was followed. Figure 2 shows a representative fitting
result in this way. First, a preliminary simultaneous fit of the
ε curve and ε00LD curve was made, by which the values of A and
m were roughly determined. The optimized fitting result was
guaranteed by the nonlinear least-squares method. The EP effect
was then subtracted from the ε curve by using the parameters
A andm, and a new ε curve free of EP effect was derived (the filled
circle curve in Figure 2).Next, a simultaneous fit of the new ε curve
and the κ curve was made, where the actual number of variables is
reduced to 4. Also, the nonlinear least-squares methodwas used to
minimize the sum of the residuals between them. Finally, the new
set of parameters thus obtained was used to simultaneously fit the
original ε curve and ε00LD curve again to optimize the parameters
A and m. This multistep procedure was repeated until these
parameters converged to stable values. As an example, for the case
of 0.05%PDADMAC solution the set of parameters derived in this
way is Δε1 = 17.23 ( 0.13, Δε2 = 8.06 ( 0.09, f01 = 120.16 (
9.25 kHz, f02 = 7.58 ( 0.25 MHz, β1 = 0.75( 0.01, β2 = 0.77 (
0.01, and εh = 78.56( 1.28. The values of β1 and β2 are typical for
aqueous solutions of polyelectrolyte.24,28,30 They are smaller than
unity, indicating that the distribution of the relaxation time exists
for both the relaxations. This is mainly ascribed to the distribution
of the molecular weight of PDADMAC molecules. The value of
εh is very close to the value of the static relative permittivity of pure
water (78.54 at 25 �C). Furthermore, the dielectric relaxations due
to the dynamics of water molecules generally occur in a much
higher frequency range (GHz). These facts suggest that the
dynamics of water molecules is not involved in the dielectric
relaxations under consideration. Similar results were also found for
other samples; therefore, the dynamics of water molecules will not
be considered in our discussion.

3. RESULTS AND DISCUSSION

3.1. Dielectric Behavior of PDMDAAC Aqueous Solutions.
Aqueous solutions of polyelectrolyte have been extensively
investigated by DRS for decades.24�33 In the frequency range
investigated, two dielectric relaxations can be expected in the
frequency ranges of 10�100 kHz and 1�100 MHz, which are
generally called low-frequency (LF) relaxation and intermediate-
frequency (IF) relaxation, respectively.29

Figure 1. Frequency dependence of the derivative dielectric loss of
0.05% PDADMAC aqueous solution: solid line, best fit; dashed line, EP
effect; dashed�dotted line, lower frequency relaxation; short dotted
line, higher frequency relaxation. The inset shows the fitting result of the
relative permittivity by using the same fitting parameters.

Figure 2. Frequency dependence of the relative permittivity and
conductivity of 0.05% PDADMAC aqueous solution. Filled circles are
the relative permittivity after subtraction of the EP effect, and the solid
lines represent the best fits.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-001.png&w=197&h=143
http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-002.jpg&w=216&h=147
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The LF relaxation is much less investigated than the IF relaxa-
tion, because it is often seriously covered by the EP effect. The
study on NaPSS24�26 and xanthan28 solutions indicated that this
relaxation is characterized by an increasing Δε and a relatively
constant τ0 with increasing polyelectrolyte concentration (for
dilute and semidilute solution). Therefore, this relaxation is thought
to be ascribed to the polarization of condensed (tightly bound)
counterions along the polymer chain that is essentially stationary on
this time scale.29

Although extensively investigated, the mechanism of the IF
relaxation is still under controversy. Three classes of ideas have
been presented to account for it, among which the scaling law
proposed by Ito et al.27,29 has been extensively employed in recent
investigations. They attributed this relaxation to the fluctuation of
loosely bound counterions on the scale of the correlation length ξ.
The relaxation time hence corresponds to the time of the
counterions diffusing at a length scale of ξ and is given by

τ0 � ξ2=2D � ξ2 ð5Þ
where D is the diffusion coefficient of the counterions. For
semidilute solution without salt, ξ is given by ξ ≈ Cp

�1/2N0,
where the superscript stands for the exponent, Cp is the concen-
tration of polyelectrolyte, and N is the degree of polymerization.
Therefore, τ0 has the following scaling relationship:

27,29

τ0 � Cp
�1N0 ð6Þ

On the other hand, Δε is decided by the number concentration
nL and the electrical polarizabilityRe of loosely bound counterions
as Δε = nLRe/ε0.

25 The electrical polarizability of loosely bound
counterions is decided by their charge e and polarization dis-
tance ξ:

Re � e2ξ2=kT � e2N0=Cp
1=2kT ð7Þ

where k and T are the Boltzmann constant and absolute tempera-
ture, respectively. Meanwhile, nL is proportional to Cp but
independent of N. Therefore, Δε has the following scaling
relationship:27,29

Δε � Cp
0N0 ð8Þ

In the present case, since the concentrations of PDADMAC
solutions are higher than the crossover concentration (0.024%,
determined by experiment33), they are at least semidilute solutions.

The typical dielectric behavior has been shown in Figures 1 and 2,
and the observed relaxation 1 and relaxation 2 should correspond to
the LF and IF relaxations, respectively. The dielectric spectra of the
derivative dielectric loss and relative permittivity of PDADMAC
aqueous solutions with different Cp values are shown in Figure 3.
Two relaxations can be observed for all samples, both shifting to the
higher frequency range with increasing Cp.
According to the fitting results, the values of β1 and β2 for all

solutions are independent of Cp. The Cp dependences of f0 and
Δε of these PDADMAC solutions are summarized in parts a and b,
respectively, of Figure 4, where a clear break showsup atCp≈ 0.3%.
When Cp e 0.3%, the dielectric behavior of relaxation 2 is
consistent with the scaling law for semidilute solution:Δε is nearly
constant, while f0 is perfectly proportional to Cp with a slope of
unity. It is interesting that the variation of f0 and Δε of relaxation
1 has the same tendency as that of relaxation 2. This result is
different from the cases observed in other electrolyte solutions such
asNaPSS.26 In addition, f0 of relaxation 1 in this case ismuch higher
than that of other polyelectrolytes with comparable chain size.
Therefore, we doubt that relaxation 1 in this case is ascribed to the
fluctuation of tightly bound counterions along the polymer chain.
Instead, because of the same variation tendency as relaxation 1, we
believe this relaxation has an origin similar to that of relaxation 2,
namely, the fluctuation of loosely bound counterions on the order
of ξ.
Considering the linear configuration of PDADMAC mole-

cules, relaxations 1 and 2 are possibly due to the fluctuation of
loosely bound counterions along the directions parallel and
perpendicular to the polymer chain, respectively. It should be
noted that the effective persistence length of linear polyelec-
trolyte molecules is also on the order of the correlation length,

Figure 3. Three-dimensional plot of the derivative dielectric loss of
PDADMAC aqueous solution as functions of the frequency and
polyelectrolyte concentration. The inset shows the frequency depen-
dence of the relative permittivity of the solutions with different
concentrations. The solid lines are the best fits.

Figure 4. Relaxation frequency (a) and dielectric increment (b) of
PDADMAC solutions as a function of the polymer concentration. The
dashed lines are drawn for guiding the eye. The inset in (a) shows the
concentration dependence of (τ1/τ2)

1/2.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-003.jpg&w=148&h=126
http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-004.png&w=210&h=265
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because the polyelectrolyte chain in the semidilute solution is a
random walk of correlation blobs.45 If this is the case, we can
compare the characteristic lengths parallel and perpendicular to
the polymer chain through (τ1/τ2)

1/2 according to eq 5. The
inset in Figure 4a shows the result, from which we can see the
parallel characteristic length is about 1 order larger than
the perpendicular one. When Cp e 0.3% the ratio between the
characteristic lengths remains constant (about 7.92), suggesting
the local configuration of PDADMACmolecules barely changes in
this concentration range.
When Cp > 0.3%, f0 of both relaxations becomes less depen-

dent on Cp, and Δε of relaxation 1 decreases obviously. This
suggests that the solution may go to the entangled semidilute or
concentrated region. However, because of the lack of experi-
mental data and the larger experimental error due to approaching
the high-frequency limit, any further discussion in this concen-
tration range is arbitrary.
3.2. Dielectric Behavior of Surfactant Aqueous Solutions.

While dielectric measurement was performed on all prepared
C10SO4Na solutions, no relaxation was observed for solutions
with surfactant concentration (Cs) lower than 1 mM. For
solutions with Cs g 1 mM, only one relaxation was observed
in the investigated frequency range, as shown in Figure 5. It is
worth noting that, although the cmc of C10SO4Na is about
33 mM,39,40 dielectric relaxation is also observed for solutions
with Cs < cmc, which suggests that premicelles are formed below
the cmc. The formation of premicelles has been extensively
reported both experimentally46�48 and theoretically,49,50 and in

some cases premicelles can be formed at a concentration more
than 1 order lower than the cmc.48

Figure 6 shows theCs dependence of the effective conductivity
(κdc� κW) of the surfactant solutions. κdc� κW is the difference
between the dc conductivity of the surfactant solution κdc and
that of water κW, which thus should be decided by

kdc � kW ¼ fCsðλs þ λ0cÞ ð9Þ
where f is the free counterion fraction, λs is the equivalent
conductivity of the surfactant monomer, and λc

0 is the equivalent
conductivity of the counterion in an infinitely dilute solution. As f
barely changes, the slope of κdc� κW vs Cs is mainly a function of
λs and therefore reflects the aggregation state of surfactant
monomers. From Figure 6 we can see there are three concentra-
tion regions characterized by different slopes (with a unit of
S 3m

2
3mol�1). The low concentration region (Cs < 1 mM) has

the largest slope, suggesting most surfactant molecules stay as
monomers. When Cs > cmc, the slope is obviously smaller than
those of the other two regions. This should be a result of the
formation of stable micelles, in which the surfactant monomers
are much less movable. The slope in the intermediate concentra-
tion region (1 mM < Cs < cmc) is systematically larger than that
of the low concentration region, suggesting loose surfactant
aggregates (premicelles) are formed.
The aggregation state is also reflected by their dielectric

behavior. For solutions with Cs < 1 mM, because no aggregates
are formed and the dielectric relaxation due to the rotation of the
surfactant monomer generally occurs in much higher frequency
range,35 no relaxation can be observed in the investigated
frequency range. For solutions with higher Cs, Figure 7 shows
their Cs dependences of τ0 and Δε. As can be seen, a clear break
characterized by a sudden increase of Δε shows up at the cmc,
suggesting an essential change of aggregation state.
Above the cmc, the observed dielectric relaxation should be

attributed to stable micelles. The value of β remains around 0.9,
which is very close to 1. This suggests that the size of themicelles is
nearly homogeneous. The dielectric response of stable micelles
can be well described by the Grosse model:34�36 a low-frequency
relaxation due to the radial diffusion of the counterion at a distance
on the order of the radius of the micelles and a high-frequency
relaxation due to the tangential motion of bound counterions on
the surface of micelles. According to this model, the low-frequency
relaxation has amean relaxation time on the order of a2/D, where a
and D are the radius of the micelle and the diffusion coefficient of
the counterion, respectively. Therefore, the low-frequency relaxa-
tion time is mainly decided by the size of the micelle. The

Figure 5. Frequency dependence of the relative permittivity of
C10SO4Na aqueous solutions with different surfactant concentrations.
The solid lines represent the best fits.

Figure 6. Effective conductivity of C10SO4Na aqueous solutions as a
function of the surfactant concentration. The inset is an enlargement of
solutions with concentration lower than 1 mM.

Figure 7. Relaxation time (filled circles) and dielectric increment (filled
squares) of C10SO4Na aqueous solutions as a function of the surfactant
concentration.

http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-005.jpg&w=189&h=145
http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-006.png&w=155&h=112
http://pubs.acs.org/action/showImage?doi=10.1021/jp200486u&iName=master.img-007.jpg&w=173&h=117
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high-frequency relaxation time corresponds to the time of bound
counterions diffusing on the scale of the Debye length; it is
thereforemainly a function of the solution conductivity.34 Because
κdc increases obviously with increasingCs while the radius of stable
micelles changes slightly, the nearly constant τ0 definitely indicates
that the observed relaxation is attributed to the radial diffusion of
counterions.
For solutions with 1 mM < Cs < cmc, premicelles are supposed

to be formed. The value of β is also around 0.9, suggesting the size
of the premicelles is also homogeneous. The dielectric behavior of
C8TAB premicelles was investigated by DRS,35 which is attributed
to the fluctuation of the diffuse ion cloud around the aggregates,
similar to that of stablemicelles. Therefore, τ0 of premicelles is also
decided by their size, andΔε is mainly decided by the aggregation
number, which is essentially proportional to the concentration of
counterion in the diffuse ion cloud.WhenCse 2mM, τ0 decreases
obviously with increasing Cs while Δε increases slightly. This
seems to imply that the radius of the premicelles decreases
obviously with increasing Cs while the aggregation number barely
changes. When Cs > 2 mM, τ0 is kept almost constant while
Δε increases with Cs. This seems to indicate that more and more
monomers are incorporated into the premicelles but their size
remains almost unchanged. Interestingly, τ0 in this concentration
range is even smaller than that of stable micelle solutions, meaning
that the radius of the premicelle is smaller than that of the stable
micelle. This is possibly because a steric effect also plays a role in
the formation of the premicelle and micelle.
3.3. Interaction between PDMDAAC and C10SO4Na in

Aqueous Solution. 3.3.1. Dielectric Behavior of the Aqueous
Solution of the PDADMAC/C10SO4Na Mixture. Figure 8 shows the
dielectric response of the aqueous solutions of the PDADMAC/
C10SO4Namixture with different surfactant concentrations (Cs),

where parts a and b show the frequency dependence of the
relative permittivity and derivative dielectric loss, respectively.
Cs varies from 0.04 to 6mM, which is far below the cmc, while the
concentration of PDADMAC (Cp) is kept equal to 0.05 wt %
(about 3.1 � 10�3 mmol/L). For simplification, we call these
solutions PSI (polyelectrolyte�surfactant interaction) solutions
hereinafter. As can be seen in Figure 8, two dielectric relaxations
can also be observed for all PSI solutions, and both of them are
sensitive to Cs.
Figure 9 shows the Cs dependence of f0 and Δε of both

relaxations of PSI solutions. Two breaks can be observed at
Cs ≈ 0.25 mM and Cs ≈ 2.0 mM, which divide the surfactant
concentration into three regions.
In the low concentration region (Cs < 0.25 mM), the dielectric

spectra of PSI solutions are quite similar to that of 0.05%
PDADMAC solution, with comparable β, f0, and Δε for both
relaxations 1 and 2. Both relaxations thus should have the same
origins as those of PDADMAC solution. With a closer look at the
results, we find the f0 values of both relaxations are barely
changed with surfactant concentration but their values are
slightly higher than that of 0.05% PDADMAC solution, which
suggests that the parallel and perpendicular characteristic lengths
are smaller in the presence of surfactant. (τ1/τ2)

1/2 is calculated
to be 8.22, 8.25, and 8.36 for PSI solutions with 0.04, 0.08, and
0.2 mM surfactant, respectively. These values are systematically
bigger than that of 0.05% PDADMAC solution, suggesting the
polymer chain in the presence of surfactant is more “stretched”;
namely, the parallel characteristic length shrinks less intensely
than the perpendicular one. On the other hand, we noticed that
Δε1 increases obviously while Δε2 decreases slightly with
increasing Cs. Note that Δε is not only a function of the
characteristic length but also a function of the number concen-
tration of loosely bound counterion nL (see section 3.1); the
increasingΔε1 thus suggests that nL increases with increasing Cs.
For Δε2, its decrease with increasing Cs is probably because the
increasing nL is not enough to compensate for the effect of the

Figure 8. Frequency dependence of the relative permittivity (a) and
derivative dielectric loss (b) of aqueous solutions of PDADMAC/
C10SO4Na mixtures with different surfactant concentrations. The solid
lines are the best fits.

Figure 9. Characteristic relaxation frequency (a) and dielectric incre-
ment (b) of both relaxations of PDADMAC/C10SO4Na mixture solu-
tions as a function of the surfactant concentration. The arrows indicate
the case of 0.05% PDADMAC solution, and the gray area denotes the
precipitation zone.
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decrease in characteristic length. Because the association of
surfactant monomer with PDADMAC will neutralize the poly-
mer chain and thus decrease the concentration of counterion, the
increasing nL with increasing Cs strongly suggests there is no
association between them in this concentration region. As a
result, the PDADMAC molecule acts like a buffer and the
addition of surfactant will condense the counterion cloud of
PDADMAC molecules, similar to the addition of added salt,51

which will drive more free counterions into the loosely bound
area. On the other hand, the conductivity of the whole PSI
solution should be nearly unchanged.
The Cs dependences of κdc � κW of PSI solutions and

C10SO4Na solutions are compared in Figure 10. Two clear
breaks can also be seen in the case of PSI solutions, and the
transition concentrations are consistent with those observed in
Figure 9.
In the low concentration region (Cs = 0.25 mM), κdc � κW of

PSI solution is barely changed with increasing Cs. This result
supports the interpretation above; that is, no obvious association
between surfactant monomer and polyelectrolyte occurs, and the
PDADMAC molecule acts like a buffer.
In the intermediate concentration region (0.25 mM < Cs <

2.0 mM), f0 of both relaxations increases; meanwhile Δε de-
creases noticeably as Cs increases. The condensation of the
counterion cloud like the case in the low concentration region
cannot give rise to such a remarkable change; therefore, the
results suggest the association of surfactant molecules with the
polymer chain. Due to the association, the polymer chain is
partially neutralized and thus locally collapses, resulting in a
smaller characteristic length. Meanwhile, the nL inside the
correlation volume also decreases with the neutralization of the
polymer chain, so Δε decreases with increasing Cs. It is note-
worthy that Δε1 is still bigger than that of pure PDADMAC
solution. Since the concentration of tightly bound counterions of
these solutions should be largely reduced because of surfactant
association, this result is evidence that relaxation 1 is attributed to
the fluctuation of loosely bound counterions rather than tightly
bound counterions. The values of (τ1/τ2)

1/2 for PSI solutions
with 0.5, 0.7, and 1.0 mM surfactant are calculated to be 8.03,
7.57, and 6.69, respectively. These values decrease with increas-
ing Cs, suggesting that the polymer chain is more and more
“coiled” due to the surfactant association. In the same concen-
tration region, κdc � κW of PSI solution increases with Cs as
shown in Figure 9, even though the slope of κdc � κW vs Cs is
smaller than that of pure surfactant solution. This also indicates

the association of surfactant with the polymer chain, considering
that the bound surfactant monomers are less movable than those
in bulk solution. Accordingly, the transition concentration
(about 0.25 mM) between these two concentration regions
should correspond to the cac, which is about 2 orders of
magnitude lower than the cmc of C10SO4Na.
The high concentration region (2.0 mM < Cs < 6 mM) is in

the vicinity of the charge neutralization point (Cp/Cs = 1).
During the sample preparation, it was observed that a cloud
shows up in the PSI solution in this concentration region. After
full dissolution and equilibrium for 80 h, the solution with Cs =
2.0 mM turned back to transparent, indicating the PSI process is
time-consuming. For other PSI solutions, the curdy precipitate
was still observed. This concentration region thus can be
thought of as the precipitation region. It should be pointed
out that only the supernate of the samples in this concentration
range (except for the 2.0 mM case) was dielectrically measured,
in which most polyelectrolyte�surfactant complexes have pre-
cipitated out. Nevertheless, we can find that the dielectric
behavior of the supernate of PSI solutions is much different
from that of pure surfactant solutions: two relaxations are still
observed. Therefore, considerable complexes should still exist
in the supernate, which might be dispersed as colloids.
As shown in Figure 10, κdc � κW of PSI solution increases

with increasing Cs with a slope nearly consistent with that of
pure surfactant solution, which seems to imply that surfactant
aggregates play an important role in the dielectric and con-
ductance behavior in this concentration region. From Figure 9
we can see that both f02 and Δε2 have magnitudes comparable
to those of surfactant solutions. In addition, while the value of
β2 in the low and intermediate concentration regions remains
around 0.77, it is increased to around 0.9 in this region, which is
also comparable to that of surfactant solution. On the other
hand, since most charged sites on the polymer chain are
neutralized, which means few counterions are present, relaxa-
tion 2 cannot be attributed to the fluctuation of loosely bound
counterions. According to these facts, relaxation 2 is very likely
ascribed to the polarization of surfactant aggregates. We
noticed that although the actual surfactant concentration in
the supernate should be much lower than the overall surfactant
concentration (Cs) of its mother solution, the value of Δε2 is
still larger than that of pure surfactant solution with the same
Cs (see Figure 7). Therefore, we believe relaxation 2 is mainly
attributed to the surfactant aggregates on the polymer chain.
These aggregates are either trapped by the polymer chain or
restrained on the surface of the polyelectrolyte�surfactant
complex. The contribution of free premicelle to this relaxation
cannot be excluded, considering that the local surfactant con-
centration might be high in the presence of complexes7 and that
C10SO4Na easily forms premicelles at even low concentration.
Relaxation 1 must be closely related to the polyelectrolyte�

surfactant complex, because this relaxation is absent from pure
surfactant solutions. Considering that the complexes are dis-
persed as colloids which may have a size on the scale of
nanometers, relaxation 1 is most likely due to either the
polarization of the counterion cloud around the complexes or
the interfacial polarization effect, as observed in many colloidal
dipersions.52,53 Whatever the case is, Δε1 should be scaled with
the concentration of the complexes in the supernate. The value
of β1 is around 0.8 in this concentration region, which suggests
that the complexes have a narrow distribution in size. We
noticed that the variation of Δε1 vs Cs reaches a minimum at

Figure 10. Effective conductivity of C10SO4Na solution (filled circles)
and of PDADMAC/C10SO4Na mixture solutions (filled squares) as a
function of the surfactant concentration. The solid line is drawn for
guiding the eyes, and the gray area denotes the precipitation zone.
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Cs ≈ 3.5 mM, a little higher than the charge neutralization
point. This concentration seems to divide the precipitation
region into two subregions. Below this concentration, the
decreasing Δε1 with increasing Cs suggests that the concentra-
tion of dispersed complexes decreases with increasing Cs. This
is because the polyelectrolyte chain is not completely neutra-
lized by surfactant; the addition of surfactant will further
neutralize the complexes and then lead to the precipitation of
more complexes. Above this concentration, surfactant mono-
mers will still be absorbed on the surface of the complexes due
to hydrophobic interaction, which dissolves some complexes.
Therefore, the concentration of the complexes should be
increased with the addition of surfactant, resulting in an
increasing Δε1.
3.3.2. Possible Interaction Pattern and Microstructure in PSI

Solutions. According to the dielectric and conductance behavior
of PSI solutions, the possible interaction process and the possible
microstructure of the polyelectrolyte�surfactant complex in
bulk solution with the addition of C10SO4Na may be like those
schematically illustrated in Figure 11.
When Cs is smaller than the cac, no obvious association

between surfactant and polymer chain occurs, and the PDAD-
MAC chain is more stretched than in pure polymer solution. The
surfactant molecules stay as monomers and act as added salt. As a
result, the counterion cloud of polyelectrolyte is condensed due
to the presence of surfactant, which then gives rise to a higher
concentration of loosely bound counterion and smaller charac-
teristic length.
When cac <Cs < 2mM, surfactant monomers start to associate

with the charge sites on the polymer chain, and small surfactant
aggregates are formed. Since part of the charge sites are neu-
tralized, the polymer chain starts to self-contract. However, the
polymer chain is still locally stretched, and self-entanglement is
forbidden because considerable electrostatic repulsion still re-
mains. When Cs > 2 mM, the polymer chain is further neutra-
lized, and hydrophobic attraction starts to become dominant.
Globular complexes as shown in Figure 11 might be formed.
While most complexes congregate and then precipitate, some
isolated complexes are still present as colloids in the bulk
solution. In the concentration subregion below the charge
neutralization point, since some charge sites on the polymer
chain still remain unneutralized, the complex as a whole is
positively charged. When Cs is bigger than the charge neutraliza-
tion point, some precipitated complexes are redissolved because
of the adsorption of excess surfactants as a result of hydrophobic
interaction, which as a whole are negatively charged. The charges
that the colloidal complexes bear in the precipitation zone
prevent them from precipitation.

4. CONCLUSION

The interaction between PDADMAC and C10SO4Na in
aqueous solutions was investigated by means of DRS, on the
basis of the understanding of the dielectric behaviors of their
individual component aqueous solutions.

It was found that DRS is effective in characterizing the
interaction between oppositely charged polyelectrolyte and
surfactant in aqueous solution. The cac can be conveniently
confirmed by the dielectric and conductive behavior of the
system. No obvious association of surfactant with polyelectrolyte
is observed below the cac, but we found that the polyelectrolyte
chain is more stretched than in pure polymer solution. This is
attributed to the counterion condensation of polyelectrolyte as a
result of the presence of surfactant monomers. Above the cac, we
found that there exists a preprecipitation concentration range in
which the association of surfactant with polyelectrolyte cannot
devastatingly change the local configuration of the polymer
chain. In the precipitation concentration range, it was found that
considerable polyelectrolyte�surfactant complexes are still dis-
solved in bulk solution. The dielectric behavior suggested that
these colloidal complexes bear charges, either due to incomplete
neutralization or because of the absorption of excess surfactant.

While DRSmeasurement can cover a frequency range of more
than 12 orders, the present study is limited to just a narrow
frequency window. If a higher frequency range is covered, much
more information can be obtained, such as the state of surfactant
monomers and the dynamics of water molecules.29,35,36 Since the
information obtained in different frequency ranges is comple-
mentary to each other, deeper insight into the interaction
mechanism by means of DRS is worthy of expectation.
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